ABSTRACT The role of DNA modification in the maintenance of mammalian X-chromosome inactivation was investigated by using the technique of DNA transformation in mammalian cells. The ability of inactive X-chromosome DNA from adult mouse tissues to act in transformation for the X-linked hypoxanthine phosphoribosyltransferase gene (Hprt) could be ascertained by utilizing a recently discovered electrophoretic variant form of the hypoxanthine phosphoribosyltransferase enzyme and a previously available X: autosome translocation. Our findings indicate that inactive X-chromosome DNA from several tissues of adult female mice is strikingly inefficient, in comparison to active Xchromosome DNA, in eliciting genetic transformation for hypoxanthine phosphoribosyltransferase. These results provide in vivo evidence that is consistent with DNA modification playing an important role in the maintenance of X-chromosome inactivation.
The somatic cells of normal diploid female mammals have two X chromosomes but only one X chromosome is active in each cell (1) . The available evidence suggests that the single-active X is derived for most tissues by a process ofrandom inactivation of either the paternal or maternal X and that once the process is initiated the inactivated state of that X chromosome is maintained through successive cell divisions (2) (3) (4) (5) (6) (7) . The mechanism(s) responsible for maintaining a difference between the active and inactive states could involve theoretically alterations in the structure of DNA itself (8) (9) (10) , chromatin structure (11), or chromosomal proteins (12, 13) , or any combination thereof.
Experimental attempts to reactivate the inactive X chromosome have been employed to provide a basis for defining the molecular mechanisms that are responsible for maintaining the inactive X. In general, attempts to select for reactivation of the X-linked hypoxanthine phosphoribosyltransferase gene (Hprt) suggest that random reactivation is a relatively rare event (5, 6) . Recently, reactivation of human X-chromosome genes has been observed at relatively high frequency after 5-azacytidine treatment of human-mouse somatic cell hybrids containing an inactive human X chromosome (14) (15) (16) . These findings suggest that DNA methylation may play a significant role in the maintenance of the inactive X.
The role of DNA modification in the maintenance of the inactive X has also been examined by asking whether active and inactive X chromosomal DNA could function in DNA-mediated gene transfer (17) . In brief, DNA was extracted from mutant cell lines carrying a defective Hprt gene on the active X chromosome and retaining an intact, inactive X chromosome. The DNA from these cells did not produce transformants that express hypoxanthine phosphoribosyltransferase (HPRT; EC 2.4.2.8), whereas control cells with a functional Hprt gene did. These authors argued that the failure ofsuch DNA to function in HPRT transformation implied a difference between inactive and active X-chromosome DNA. It is important to note that they assumed but could not prove that the Hprt gene on the inactive X chromosome was intact.
An electrophoretic variant for HPRT recently discovered in feral trapped mice provides a direct method of identifying active and inactive X-chromosome genes in DNA-mediated gene transfer (unpublished data). This variation segregates as an X chromosome-linked gene in F1 matings and in backcrosses. It maps to a position on the mouse X chromosome which is consistent with somatic genetic analyses for the position ofthe Hprt structural locus (18) . We have produced females that are genetically heterozygous at the Hprt locus but who express only one and the same allelic form of the enzyme in their tissues. To achieve this, we crossed males carrying the variant Hprta allele with Hprt"/b females that were heterozygous for the X: autosome translocation T(X;16)16H. Chromosomally balanced female progeny carry the Hprtb allele on the translocated and active portion of the X chromosome and the Hprta allele on the intact and inactive X chromosome. Therefore, these nonmosaic females express only the Hprt" allele in their somatic tissues.
These matings also produce females heterozygous for Hprta/b with two intact, normal X chromosomes (Fig. 1) . DNA was extracted from several tissues ofthe translocation-bearing females and used in a HPRT cell transformation system. If the inactive X allele ofHPRT is efficient in transformation, then both HPRT-A-and HPRT-B-expressing transformant colonies should be produced. However, if inactive X-chromosome DNA does not function efficiently, then all or a large majority oftransformants should express only the HPRT-B enzyme. As a control, DNA from normal X/X females heterozygous for HPRT was used in parallel transformations. DNA from these phenotypically mosaic females should yield approximately equal numbers of HPRT-A and HPRT-B transformants.
Our findings indicate that inactive X-chromosome DNA of several adult mouse tissues is not efficient in HPRT transformation. These results strongly suggest that active and inactive X-chromosome DNA sequences are different at or near the Hprt locus and provide in vivo evidence that is consistent with DNA modification playing a significant role in the maintenance of X-chromosome inactivation.
MATERIALS AND METHODS Mice. The HPRT-A electrophoretic variant used for these studies came from an Asian house mouse Mus castaneus. Our colony was derived from samples originally trapped in Bangkok, Abbreviations: HPRT, hypoxanthine phosphoribosyltransferase; PGK, phosphoglycerate kinase.
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We have used the nonrandom expression to maintain and identify females heterozygous for the translocation. The original T(X;16)16H stock received from E. Eicher (The Jackson Laboratory) was Pgk-lb/b. We crossed these mice to C3H/Pgk-la males to produce Pgk-la/b female progeny. Half of the female progeny were PGK-1A/B and half were phenotypically PGK-1B. The latter females were presumptive T(X;16) carriers and were mated with C3H/Pgk-la males. These females produced female progeny that were either PGK-1A or PGK-1B. Approximately 3% of the progeny were PGK-1AB, which represented recombination between Pgk-lb and the breakpoint of the translocation. The PGK-LB (Pgk-1a/b) females (Hprt"/b) were used in this study as T(X;16)16H carrier females.
DNA Extraction and Transformation. DNA was extracted from mouse tissues as described elsewhere (21) . The V79
Chinese hamster cell line used as the HPRT recipient and the procedures used in DNA transformation have been described (17) . The spontaneous reversion frequency of this V79 line is 10-8-10-9 (ref. 17; unpublished observations). During the transformation protocol, cells are not subcultured subsequent to DNA exposure and prior to selection. Therefore, colonies arising on different plates must each represent independent transformation events.
Isoelectric Focusing. Horizontal isoelectric focusing gels were used following the procedure described by Chasin and Urlaub (22) .
Tissue samples were homogenized in a 0.25 M sucrose/0.02 M imidazole buffer, pH 7.4 (10% wt/vol) with a Polytron homogenizer. The samples were centrifuiged at 15,000 X g for 20 min and the supernatants were removed and applied to filter paper wicks for isoelectric focusing.
Transformant cells were harvested, pelleted, and stored frozen at -200C. For isoelectric focusing assay, the pellets were suspended in 0.9% saline and freeze-thawed two times. The homogenate was centrifuged 65,000 X g for 20 min and the supernatant was applied to wicks. HPRT activity in the gel was identified isotopically by applying a reaction mixture over the gels following procedures described by Chasin and Urlaub (22 To serve as a control, DNA was taken from sib females that were X/X and expressed both HPRT-A and HPRT-B in their tissues. With this DNA, both HPRT-A and HPRT-B-expressing transformants were expected, assuming that both alleles, when present on an active X chromosome, are functional in transformation.
Isoelectric-Focusing Patterns of HPRT. The isoelectric-focusing patterns of HPRT in brain, liver, and kidney for C3H/ HeHaPgk-la (HPRT-B), M. castaneus (HPRT-A), a 1:1 mixture of the HPRT-A and HPRT-B homogenates, and an F1 female are shown in Fig. 2 . The difference between these strains segregates as an X chromosome-linked gene that maps to the X chromosome in the same relative position as previously sug- (Fig. 3) . By contrast, normal X/X females from the same cross were phenotypically HPRT-A/B and PGK-1A/B.
We have examined the HPRT (<3%) indeed expresses Hprti and therefore has an intact active X chromosome. Other investigators using time of replication as an assay for inactive X-chromosome material suggest that up to 7% of the cells of an adult TX;16 female contain an active intact X chromosome (20) .
Our findings are consistent with a difference between active and inactive X-chromosome DNA at or near the Hprt locus in somatic tissue of the adult mouse. Although we do not know at what level this difference interferes with DNA-mediated transfer of HPRT, we believe that this difference is related to the mechanism of X-chromosome inactivation. More specifically, we favor the idea that the maintenance of X-chromosome inactivation involves some form of DNA modification. Of course, DNA modification could also be involved in the random initiation event of inactivation that occurs in the embryo. However, our findings do not speak to that issue directly. This supposed modification must be reversible in light of observed X-chromosome reactivation in the female mammalian germ line (23, 24) . Independent evidence for DNA modification in X-chromosome inactivation comes from the observation that human inactive X genes can be reactivated at high frequency after treatment of mouse-human cell hybrids with the DNA methylation inhibitor 5-azacytidine (14, 16) . Because available evidence in other more defined systems suggests that 5-azacytidine "derepresses" genes by causing hypomethylation of the DNA (21), these findings are consistent with DNA methylation acting in the X-inactivation process. Recent evidence from studies that used clonally derived HPRT' and HPRT-human cells suggests that 5-azacytidine derepression of the inactive X chromosome may not occur in all cells at similar frequencies (25) . During this study we were informed of two investigations in which DNA from cells before and after 5-azacytidine treatment had been used in transformation for HPRT (15, 26) . Efficient transformation by the inactive X-chromosome allele was only achieved with DNA from cells treated with 5-azacytidine that were reactivated for HPRT. These results strongly suggest that demethylation of inactive X-chromosome DNA per se is a prerequisite for efficient transformation (15, 26) .
There are several important features of the experimental approach used in this study that differ from previous work on gene transfer with active and inactive X-chromosome DNA (17) . A major advantage was that the use of the electrophoretic variant for HPRT and a translocation allowed the examination of activeand inactive-X-chromosome Hprt DNA from in vivo sources.
It seems reasonable that the genetic makeup of somatic cells in vivo is less susceptible to the kinds of genetic alterations that occur in cells maintained in culture. In this regard, a limitation of one previous work (17) was the inability to convincingly demonstrate that the inactive X chromosome carried an intact Xchromosome Hprt gene. We have shown that the inactive Hprta allele carried on the normal X chromosome oftranslocation heterozygotes can be genetically transmitted to progeny and therefore remains intact. One additional advantage of this system is that we can obtain DNA that can be assayed from the active and inactive X-chromosome in a single preparation. Finally, while our experiments were in progress, another laboratory has reported on DNA-mediated transfer of HPRT using DNA from a Lesch-Nyhan carrier female-derived cellline (27) . DNA from HPRT' and HPRT-clones ofthis cell line transformed a mouse HPRT-cell line with equal efficiency. The HPRT-(L-N) clones presumably carried an intact but inactive Hprt+ gene which accounts for the HPRT transformants. We cannot easily account for these contrasting results. It is possible either that the genetic lesion of this particular Lesch-Nyhan mutation was not.directly in the coding region for Hprt and that the functional Hprt gene could be separately transmitted in DNA-mediated gene transfer (27) or that simian virus 40 transformation that was used to establish the human Lesch-Nyhan carrier cell line altered the DNA of the inactive X chromosome.
In conclusion, we have used DNA-mediated gene transfer and electrophoretic variation at the Hprt locus to analyze the state of active and inactive X-chromosome DNA ofadult mouse tissues. The results suggest that inactive X-chromosome DNA may be different from active X-chromosome DNA, thus further supporting DNA modification as an important feature in the maintenance of X-chromosome inactivation. Coupling DNA transformation and electrophoretic variation of HPRT should provide a powerful system for examining the state of inactive X-chromosome DNA from other-tissues and stages of development.
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